Abstract
decays are explained in new improved data analysis of more precise B → Kπ data. Success of the "Lipkin Sum Rule" indicates that four B → Kπ branching ratios are determined by three parameters, the penguin diagram P and two interference terms P · T and P · S between the dominant penguin and two tree diagrams; the color-favored and color suppressed diagrams. Previous analyzes confirmed the model with errors leaving values of interference terms less that two standard deviations from zero. The observation CP violation in B o → K ± π ∓ decays indicates a finite value for P · T . New precise data analysis show P · T and P · S interference contributions well above errors. Their contributions to B ± → Kπ decays are shown to be nearly equal with opposite phase and cancel within experimental errors. This cancelation unexpected in previous analyzes explains the failure to see CP violation in B ± → Kπ decays. It can be due to the Pauli antisymmetry exchange neglected in previous analyzes. Two B ± → Kπ tree diagrams differ by interchange of two identical u quarks. B o → K ± π ∓ diagrams have no identical quark pairs. This Pauli effect explains the difference produced by changing the flavor of the spectator quark which does not participate in the weak interaction. Our analysis differs from previous analyzes which assume SU(3) flavor symmetry to use input from B → ππ data and neglect Pauli effects. We use new data, include Pauli effects and strong final state interactions to all orders in QCD with no higher flavor symmetry assumed beyond isospin. We do not use B → ππ data.
I. INTRODUCTION
A general theorem from CPT invariance shows [1] that direct CP violation can occur only via the interference between two amplitudes which have different weak phases and different strong phases. This holds also for all contributions from new physics beyond the standard model which conserve CPT.
Direct CP violation has been experimentally observed [2, 3] in
A CP (B d → K + π − ) = −0.098 ± 0.013 (1.1) This CP violation has been attributed to the interference between the large contribution from the dominant penguin diagram and smaller contributions from tree diagrams. The failure to observe CP violation in charged decays [4] is has been considered to be a puzzle [5, 6] because changing the flavor of a spectator quark which does not participate in the weak decay vertex is not expected to make a difference.
A CP (B + → K o S π + ) = 0.009 ± 0.029
We shall show here that the dependence on spectator flavor arises from the Pauli blocking by the spectator quark of a quark of the same flavor participating in the weak vertex. The quark produced by a tree diagram is a u-quark which is Pauli blocked by the spectator u quark in B + decay but is not affected by the spectator d quark in neutral decays. This difference in Pauli blocking suppresses the tree contribution and CP violation in charged B decays but allows tree-penguin interference and enables CP violation to be observed in neutral decays.
II. THE CRUCIAL ROLE OF PAULI BLOCKING BY THE SPECTATOR QUARK

A. The difference between charged and neutral decays
The Pauli principle can forbid the tree-penguin interference and CP violation in charged B decays and allow them in neutral decays. The decay of ab antiquark to a strange charmless final state is described by the vertex having the form The parameter ξ is proportional to the strength of the tree amplitude. Thus tree-penguin interference which might produce CP violation is present in neutral decays and absent in charged decays. This explaina how CP violation can be drastically changed by changing the spectator quark and the otherwise mysterious result (1.2).
B. The Lipkin Sum Rule
The transition matrices denoted by T must satisfy the isospin constraints for the coupling of an isospin 1 meson to an isospin (1/2) kaon
this can be rewritten
This relation (2.7) is seen to be identical to the approximate equality [7, 8] called the "Lipkin sum rule" [4] .
A. Two independent derivations of the sum rule
The sum rule (2.8) has been derived here using a completely different set of assumptions from the previous derivation [7] [8] [9] [10] . Both derivations begin with the relation (2.
2) The derivation of the relation (2.7) neglects the color and spin degrees of freedom but makes no further assumptions and includes Pauli blocking. The experimental observation (1.1) and the knowledge that the penguin amplitude is dominant for the decay [4] require that the decay amplitude must contain at least one additional amplitude with both weak and strong phases different from those of the penguin.
The standard treatment assumes that four B → Kπ branching ratios are determined by three parameters, the penguin diagram P shown in Fig. 1 and two interference terms P · T and P · S between the dominant penguin and the color-favored and color suppressed tree diagrams shown in Figs. 2 and 3. This derivation assumes the difference between the two three contributions shown in Figs. 2 and 3 are independent and neglects Pauli blocking. It also assumes that the two tree amplitudes are sufficiently small to be treated in first order. Second order terms T · T , S · T and S · S are shown to be negligible. The agreement [4] with experiment [2, 3] confirms either these assumptions [7] [8] [9] [10] or the neglect of spin and color while including Pauli blocking.
B. The Difference rule
We now investigate what is observable in the experimental data, how to separate the signal from the noise, how to find the'other amplitude and examine what can we learn about it from experiment. The sum rule (2.8) has been rearranged [10] to obtain a "difference rule"
where for simplicity the result was expressed in terms of branching ratios, denote by B(). Corrections for the difference between the B + and B o lifetime ratio are included in the subsequent analysis
The difference rule (3.1) has real significance only if there is interference between the dominant penguin and another amplitude leading to an I=3/2 final state. It is trivially satisfied if the decays are described entirely by a pure penguin or other I=1/2 contribution where the final state is an isospin eigenstate with I=1/2. For a pure penguin transition both sides of the difference rule (3.1) vanish and the relation reduces to the trivial 0=0.
Four experimental branching ratios for B → Kπ are available [2, 3] . Three different independent differences between these branching ratios can be defined which eliminate the penguin contribution. These overdetermine the two remaining free parameters in the theory, the interference contributions between the penguin amplitude and the two tree amplitudes. The next step in the analysis would have been to solve the equations and obtain the values of the two interference terms P · T and P · S from the experimental data. However the large experimental errors at the time left these values less that two standard deviations from zero [7, 8] .
C. New experimental data show statistically significant penguin-tree interference New data now show that the B → Kπ transition is not a pure penguin. They give a finite experimental value for an expression which vanishes in a pure penguin transition.
where τ o /τ + denotes the ratio of the B o and B + lifetimes and we have used the experimental values
A surprising cancelation suggests Pauli effects P · (T + S) ≈ 0
We now note that the right hand side of eq.(3.1) gives
The expression (3.4) also vanishes in the case of a pure penguin transition. The significant difference between the experimental values of expressions (3.4) and (3.2) which both vanish in the case of a pure penguin transition seems to indicate a surprising cancelation and motivates a search for a theoretical explanation.
We first note that the two transitions (3.4) which have a d-quark spectator are seen to be described respectively by the color-favored and color-suppressed tree diagrams shown respectively in figs. 2 and 3 in addition to the dominant common penguin diagram shown in fig. 1 . This cancelation between the contributions of the two tree diagrams is surprising because the standard treatments assume that the these two tree contributions are completely independent and are not expected to cancel. A further analysis of the new data [2, 3] isolates the color-favored and color-suppressed contributions, and minimizes the importance of experimental errors.
We now note that the Pauli principle neglected in conventional treatments can produce this cancelation. The amplitudes T and S go into one another under the interchange of the two identical u quarks in
. A full examination of Pauli effects requires antisymmetrization of the uu wave function including the color and spin correlations. As a first approximation we neglect color and spin. Then Pauli antisymmetry requires T and S amplitudes to be equal and opposite and explains the cancelation (3.5). Both B + decays are then pure penguin decays to the I = 1/2 Kπ state. Experiment [3] shows agreement with this prediction to between one and two standard deviations.
where B denotes the branching ratio in units of 10 − 6 The data are now sufficiently precise to show that the interference terms between the dominant penguin amplitude and the two tree amplitudes are both individually finite and one is well above the experimental errors. The sum rule is satisfied and is now nontrivial. But the interference term P · ( T + S) is now equal to zero well within the experimental errors (3.5). This confirms the Pauli symmetry prediction (3.6) with smaller experimental errors.
Thus tree-penguin interference with normally ignored Pauli effects can explain the observed CP violation in charged B-decays and its absence in neutral decays.
This shows how a nontrivial change in the weak decay amplitude can arise from a change of the flavor of the spectator quark.
E. A new analysis of the data pinpointing tree-penguin interference
We now show how a detailed conventional analysis of new experimental data with no new theory leads to the result (3.5). We later show how this cancelation can result from the Pauli principle.
The conventional analysis expresses the four B → Kπ amplitudes in terms of the three amplitudes P , T and S denoting respectively the penguin, color favored tree and color suppressed tree amplitudes while neglecting other contributions at this stage [7] [8] [9] [10] 
When the interference terms are taken only to first order,
where the approximate equalities hold to first order in the T and S amplitudes. We now get a more sensitive experimental test by using all the B → Kπ data. We use new data and define new differences which optimize the signal to noise ratio. Noting that the branching ratio B(B o → K + π − ) has the smallest experimental error, we define three independent differences which vanish for a pure penguin transition and are chosen to have the smallest experimental errors.
where the appoximate equalities hold to first order in the T and S amplitudes. The isospin sum rule [7, 8] is easily expressed in terms of these differences,
Since each of the three terms in eq. (3.10) vanish for a pure penguin transition, the sum rule is trivially satisfied in this case. We improve the previous analysis [10] that only showed the sum rule trivially satisfied with real data and all terms proportional to tree-penguin interference were still statistically consistent with zero.
These individual differences are now sufficiently different from zero with available experimental branching ratio data corrected for the lifetime ratio [2, 3] 
Combining these equations gives the relation (3.5).
There is no new theory here. Choosing three independent differences in a way to minimize experimental errors shows two significant signals well above the noise of experimental errors that still fit an overdetermination of the two parameters and lead to the result (3.5). These show two finite tree-penguin interference contributions that can produce the observed direct CP violation in neutral B-decays. However the third difference is consistent with zero well below the noise and below the other two contributions. The absence of tree-penguin contributions in this difference is completely unpredicted in the standard treatments.
IV. SYMMETRY ARGUMENTS SUPPORTING THE VANISHING OF P · ( T + S)
A. The unūs tree diagrams for B → Kπ decays
In tree diagrams for charmless strange B decays, theb → uūs transition produces a four-quark state unūs where n denotes the nonstrange spectator quark.
The K + π − final state (us)(nū) can be produced by a B o tree diagram in which the spectator quark n is a d quark and combines with theū in a color-favored transition shown in Fig. 2 . The CP violation observed in this state indicates that is produced by appreciable P · T interference.
The K + π o final state (us)(nū) or (ns)(uū) can be produced by a B + tree diagram in which the spectator quark n is a u quark and combines with either theū in a color-favored transition shown in Fig. 2 or thes in a color-suppressed transition shown in Fig.3 . The failure to observe CP violation in this state while CP violation is observed in the K + π − final state indicates that both P · T and P · S interference contributions are appreciable and their interference contributions have opposite phase and tend to cancel any CP violation. The experimental data for these two transitions thus present predictions for the following two final states.
The K o π o final state (ns)(nū) can be produced by a B o tree diagram in which the spectator quark n is a d quark and combines with thes in a color-suppressed transition shown in Fig. 3 . This transition is produced by P · S interference which is expected to be similar to the P · T interference contribution and produce a similar CP violation to that observed in the
contains ad antiquark and cannot be produced by a tree diagram leading to a unūs state. The prediction for the transition to this final state is that it has no tree contribution, no penguin-tree interference and no CP violation.
B. Experimental results suggest underlying symmetry
Experimental results for B o decays now show finite penguin-tree interference and a possibility of CP violation. Results for B ± decays show negligible penguin-tree interference and little possibility of CP violation.
We now show how these results follow from symmetry conditions. In charged B decays the spectator quark is a u quark and the un pair has s unique isospin I = 1. The two identical fermions must obey Pauli antisymmetry. In neutral B decays the spectator quark is a d quark, the un pair is a mixture of two isospins I = 1 and I = 0 and has no Pauli constraints.
A full analysis of symmetry and Pauli effects must include color-spin correlations. The state of two u quarks in a relative S wave which are symmetric in space and flavor must be antisymmetric in color and spin. A group-theoretical treatment of this symmetry involves the color-spin SU(6) group in which all pseudoscalar mesons are color-spin singlets, while the uu diquark in a relative s-wave is classified in the antisymmetric 15 dimensional representation.
C. Isospin Analysis
We first examine Pauli effects in the present data using only isospin and see how these produce a selection rule that cancels the tree contribution to
o has a four-body usuū state containing a u spectator quark and theūus produced by theb antiquark weak decay. This state contains two u quarks with isospin I = 1, I z = +1. Theū antiquark is in a well defined isospin state with I = 1/2, I z = −(1/2) and the strange antiquark has isospin zero. The total four-body state is thus a state with well defined isospin.It is a definite mixture of two eigenstates of the total four-body isospin with I = 1/2 and I = 3/2 with unique relative magnitudes and phases with determined by isospin Clebsch-Gordan coefficients for coupling two states with I = 1 and I = 1/2 to I = 1/2 and I = 3/2..
The Kπ final states are also linear combinations of states with isospin (1/2) and isospin (3/2) with relative amplitudes and phases determined completely by the requirement that the pion has isospin one and the kaon has isospin (1/2).
From the orthogonality relation for Clebsch-Gordan coefficients
There is therefore no overlap between the initial state |i; usuū produced by the weak interaction tree diagram and the K + π o final state. The relevant Clebsch-Gordan coefficients for the K + π o state are seen to be just those to make this linear combination exactly orthogonal to the combination in the usuū state produced in the tree diagram by theb decay . The overlap between the K + π o state and the initial state thus vanishes. In the "fall-apart" [13] model commonly used in tetraquark decays this vanishing overlap indicates that the the tree diagram contribution to B + → K + π o transition vanishes. The transition is therefore forbidden if the four-body state that fragments into a kaon and a pion |usuū retains the usuū constituents with the uu pair coupled to I=1. This is the same as the original four-body state created in the tree diagram by theb antiquark decay. This is true in the simple "fall-apart" [13] model. The experimental data seem to indicate that the tree diagram for this transition is indeed forbidden here.
The only way that the initial |usuū state can change by a strong interaction conserving isospin is annihilating the uū pair and creating a dd pair. This adds a usdd component to the final state. This interaction is included below in a general treatment including color-spin correlations
We now note that changing the flavor of the spectator quark makes a crucial difference in the isospin analysis. The isospin of the two quarks (u, d) in the corresponding tree diagram for the neutral B decays is not unique, it is a combination of I = 0 and I = 1. Thus there is no isospin nor Pauli constraint here and no selection rule forbidding the tree contribution.
D. Detailed symmetry and Pauli analysis
We now examine the effect of symmetry restrictions from the Pauli principle on the fragmentation of a uuūs state into a K + π o color singlet state with spin zero and no orbital angular momentum. Explicitly writing wave functions and imposing Pauli antisymmetry requires the full color-spin-flavor SU(12) group. Since the uu state is flavor symmetric it must be antisymmetric in color and spin if it is in a spatially symmetric S-wave. The fragmentation process is a strong interaction which conserves flavor SU(3) and charge conjugation. Since the initial state contains no d quarks we can simplify the symmetry restriction by considering the V -spin subgroup of SU(3) which acts in the u − s flavor space. This state contains a uu pair required by the Pauli principle to be antisymmetric in color and spin. It is either in a color antitriplet with spin S = 1 or in a color sextet with spin S = 0. Theūs pair must also be either in a color antitriplet with spin S = 1 or in a color sextet with spin S = 0. Although no Pauli principle forbids it from being in a color antitriplet with spin S = 0 or in a color sextet with spin S = 1 these states cannot combine with the uu pair to make the spin-zero color singlet final state.
Both the uu diquark and theūs antidiquark are thus antisymmetric in color and spin. The generalized Pauli principle requires each to be symmetric in flavor SU(3) and its SU(2) subgroup V-spin. Each is therefore in the symmetric V-spin state with V = 1. A final state must be even under general charge conjugation to decay into two pseudoscalar mesons in an orbital S wave. Thus the (V = 1, V z = +1) diquark and the (V = 1, V z = 0) antidiquark must be coupled symmetrically to (V = 2, V z = +1). This state is in the 27-dimensional representation of flavor SU(3). The V spin analysis of the initial state i; uuds is The final K + π o state contains a π o which is a linear combination of a uū pair and a dd pair. Since the d quark has V = 0 the dd pair has V = 0 and cannot combine with a V = 1 K + to make V = 2. The uū pair is an equal mixture of V = 0 and V = 1. Only the V = 1 component can combine with a V = 1 to make V = 2. Thus the V-spin analysis of the final K o π + state |f ; π o K + and its overlap with the initial state are
We thus see that the tree diagram for transition B + → K + π o state vanishes in the "fallapart" model where the initial uū pair does not have enough time to annihilate and create a dd pair. When there is time for the uū pair annihilation and the creation a dd pair, the tree diagram does not vanish but is suppressed by a significant factor. Present data are consistent with complete suppression but evidence for a partial suppression is still down in the noise.
The udūs state created in the tree diagram for B d decay has no such restrictions. It can be in a flavor SU(3) octet as well as a 27. Its "diquark-antidiquark" configuration includes the flavor-SU(3) octet constructed from the spin-zero color-antitriplet flavor-antitriplet "good" diquark found in the Λ baryon and its conjugate "good" antidiquark. These "good diquarks" do not exist in the corresponding uuūs configuration.
We again see that the Pauli effects produce a drastic dependence on spectator quark flavor in the tree diagrams for B → Kπ decays.
Thus tree-penguin interference can explain both the presence of CP violation in neutral decays and its absence charged decays.
V. A FLAVOR TOPOLOGY ANALYSIS WHICH INCLUDES FINAL STATE INTERACTIONS
The unique flavor topology of the charmless strange quasi-two-body weak B decays enables the results (3.11) to be obtained in a more general analysis of these decays including almost all possible diagrams including final state interactions and complicated multiparticle intermediate states.
Consider diagrams for a charmless B(bq s ) decay into one strange and one nonstrange meson, where q s denotes either a u or d. The allowed final states must have the quark constituentssnnq s where n denotes a u or d nonstrange quark. We consider the topologies of all possible diagrams in which ab antiquark and a nonstrange quark enter a black box from which two finalpairs emerge. We follow the quark lines of the four final state particles through the diagram going backward and forward in time until they reach either the initial state or a vertex where they are created. There are only two possible quark-line topologies for these diagrams:
1. We call a generalized penguin diagram, shown in Fig. 1 , the sum of all possible diagrams in which aqq pair appearing in the final state is created by a gluon somewhere in the diagram. The quark lines for the remaining pair must go back to the weak vertex or the initial state. This diagram includes not only the normally called penguin diagram but all other diagrams in which the final pair is created by gluons somewhere in the diagram. This includes for example all diagrams normally called "tree diagrams" in which an outgoing uū or cc pair is annihilated into gluons in a final state interaction and a new isoscalarqq pair is created by the gluons. There are two topologies for penguin diagrams.
• . A normal penguin diagram has a the spectator quark line continuing unbroken from the initial state to the final state. This penguin contribution is described by a single parameter, denoted by P which is independent of the spectator quark flavor and contributes equally to thesuūq s andsddq s states.
• A diagram which we call here an "anomalous penguin" has the spectator "u" quark in a B + decay annihilated in a final state interaction against theū antiquark produced in a tree diagram. This diagram also contributes equally to thesuūq s andsddq s states. But this diagram denoted by P u is present only in charged decays.
2. We call the "tree diagram" the sum of all possible diagrams in which all of the four quark lines leading to the final state go back to a initialsuū state created by the weak decay of the b quark and the q s spectator whose line goes back to the initial state. There are two possible couplings of the pairs to create final two meson states from this diagram
• Thesu pair is coupled to make a strange meson; theūq s pair is coupled to make a nonstrange meson as shown in Fig.2 . This is conventionally called the color-favored coupling. The contribution of this coupling is described by a single parameter, denoted by T .
• Thesq s pair is coupled to make a strange meson; the uū is coupled to make a nonstrange meson as shown in Fig. 3 . This is conventionally called the colorsuppressed coupling. The contribution of this coupling is described by a single parameter, denoted by S.
All the results (3.11) obtained with the conventional definitions of P , T and S are seen to hold here with the new definitions of P , T and S. They now include contributions from all final state interactions which conserve isospin and do not change quark flavor. The one final state interaction not included is the P u diagram occurring in B + decays. The flavor topology of this diagram creates an additional I = 1/2 state which is neglected in the derivation of the results (3.11). These results hold as long as the contribution of this P u diagram by final state interactions to the observed final states is negligible. That this additional I = 1/2 contribution does not affect the sum rule (2.8) is easily seen by its representation as a "difference rule" (3.1) which considers only the I = 3/2 contributions.
In neutral B d decays there is no P u diagram. Thus the simple relations (3.11) between the P , T and S amplitudes hold for neutral decays are not changed by isospin conserving final state interactions.
Further analysis of the contribution of this additional I = 1/2 contribution to final state interactions is needed to obtain definite values for CP violation in charged B decay.
VI. COMPARISON WITH OTHER APPROACHES
Previous analyses [5, 6] were performed at a time when experimental values for B → Kπ branching ratios were not sufficiently precise to enable a significant test of the sum rule (3.10). Values of each of the three interference terms in (3.11) were statistically consistent with zero. The full analysis required the use of data from B → ππ decays and the assumption of SU(3) f lavor symmetry. Contributions of the electromagnetic penguin diagram were included and the relevant CKM matrix elements were included. But there was no inclusion of constraints from the Pauli principle nor contributions from final state interactions.
The present analysis uses new experimental data which enable a statistically significant evaluation of the interference terms (3.11) without additional information from B → ππ decays or the assumption of SU(3) f lavor symmetry. Contributions from all isospin invariant finite state interactions are included as well as constraints from the Pauli principle. The flavor topology definition of the interference parameters includes contributions from the electromagnetic penguin diagram since the quark states in final state of a photon can be rewritten as the sum of an isoscalar and a uū state. However the flavor topology parameters are no longer simply related to the CKM matrix elements. Additional assumptions and information are necessary to determine the CKM matrix elements and explain CP violation.
The main advantage of this approach is that it gives a simple explanation for the experimental value (3.5) and the vanishing of the experimintal value
This vanishing of tree-penguin interference B + decays is explained by a symmetry analysis including the constraints of the Pauli principle on states containing a pair of identical u quarks.
VII. CONCLUSION
Experiment has shown that the penguin-tree interference contribution in
decay is very small and may even vanish. The corresponding interference contributions to neutral B → Kπ decays have been shown experimentally to be finite. In charged decays the previously neglected Pauli antisymmetrization produces a cancelation between color-favored and color-suppressed tree diagrams which differ by the exchange of identical u quarks. This explains the smallness of penguin-tree interference and small CP violation in charged B decays. Pauli cancelation does not occur in neutral decay diagrams which have no pair of identical quarks. This can explain why CP violation has been observed in neutral B → Kπ decays and not in charged decays 
FIG. 2.
Color favored tree (T ) diagram. 
FIG. 3.
Color suppressed tree (S) diagram.
